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Apremilast, a cAMP phosphodiesterase-4 inhibitor,
demonstrates anti-inflammatory activity in vitro and
in a model of psoriasisbph_559 842..855
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Background and purpose: Apremilast is an orally administered phosphodiesterase-4 inhibitor, currently in phase 2 clinical
studies of psoriasis and other chronic inflammatory diseases. The inhibitory effects of apremilast on pro-inflammatory responses
of human primary peripheral blood mononuclear cells (PBMC), polymorphonuclear cells, natural killer (NK) cells and epidermal
keratinocytes were explored in vitro, and in a preclinical model of psoriasis.
Experimental approach: Apremilast was tested in vitro against endotoxin- and superantigen-stimulated PBMC, bacterial
peptide and zymosan-stimulated polymorphonuclear cells, immunonoglobulin and cytokine-stimulated NK cells, and ultra-
violet B light-activated keratinocytes. Apremilast was orally administered to beige-severe combined immunodeficient mice,
xenotransplanted with normal human skin and triggered with human psoriatic NK cells. Epidermal skin thickness, proliferation
index and inflammation markers were analysed.
Key results: Apremilast inhibited PBMC production of the chemokines CXCL9 and CXCL10, cytokines interferon-g and tumour
necrosis factor (TNF)-a, and interleukins (IL)-2, IL-12 and IL-23. Production of TNF-a by NK cells and keratinocytes was also
inhibited. In vivo, apremilast significantly reduced epidermal thickness and proliferation, decreased the general histopatho-
logical appearance of psoriasiform features and reduced expression of TNF-a, human leukocyte antigen-DR and intercellular
adhesion molecule-1 in the lesioned skin.
Conclusions and implications: Apremilast displayed a broad pattern of anti-inflammatory activity in a variety of cell types and
decreased the incidence and severity of a psoriasiform response in vivo. Inhibition of TNF-a, IL-12 and IL-23 production, as well
as NK and keratinocyte responses by this phosphodiesterase-4 inhibitor suggests a novel approach to the treatment of psoriasis.
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human leukocyte antigen-DR; HUVEC, human umbilical vein endothelial cells; ICAM-1, intercellular adhesion
molecule-1; IFN-g, interferon-g; IL, interleukin; LFA-1, lymphocyte function-associated antigen 1; LPS,
lipopolysaccharide; LTB4, leukotriene B4; Mac-1, CD11b/CD18; MCP, monocyte chemoattractant protein;
MIG, monokine induced by IFN-g (CXCL9); MIP, macrophage inflammatory protein; NK, natural killer;
PASI-75, 75% reduction in the psoriasis area and severity index; PBMC, peripheral blood mononuclear cells;
PDE4, phosphodiesterase-4; PKA, protein kinase A; PMN, polymorphonuclear cells; RANTES, regulated on
activation, normal T cell expressed and secreted; RPMI, Roswell Park Memorial Institute; SCID, severe
combined immunodeficient; SEB, Staphylococcal enterotoxin B; TNF-a, tumour necrosis factor-a

Introduction

cAMP is a pivotal second messenger that is well known to
regulate inflammatory responses (Tasken and Aandahl, 2004).
The sole means of degrading cAMP is through the activity of
the large superfamily of phosphodiesterases (PDE) (Conti and
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Beavo, 2007). Within this group, enzymes of the four-gene
PDE4 family play a key role in degrading cAMP in inflamma-
tory cells, as well as endothelial cells, smooth muscle cells and
keratinocytes (Houslay et al., 2005). Indeed, it is now well
appreciated that PDE4 enzymes play a key role in the com-
partmentalization of cAMP signalling in various cell types
(Terrin et al., 2006; Willoughby et al., 2007), due to isoforms
being targeted to specific signalling complexes (Baillie and
Houslay, 2005; Huston et al., 2006; Houslay et al., 2007),
including those associated with activation of inflammatory
cells. This makes PDE4 potentially a very important therapeu-
tic target.

The role of PDE4 in regulating inflammation has been well
documented, due in large part to the study of small molecular
weight PDE4 inhibitors, such as rolipram (Giembycz, 2008;
Spina, 2008; Press and Banner, 2009). PDE4 inhibitors are a
well-characterized class of pharmaceutical agents, with a
broad range of anti-inflammatory activities in vitro, and in
in vivo preclinical models of asthma, lung neutrophilia,
arthritis, inflammatory bowel disease, and multiple sclerosis,
osteoporosis and other conditions (Houslay et al., 2005;
Videla et al., 2006; Keshavarzian et al., 2007; Yao et al., 2007;
Spina, 2008; Press and Banner, 2009). During the past decade,
PDE4 inhibitors have been studied in clinical trials of chronic
obstructive pulmonary disease (arofylline, cilomilast and rof-
lumilast), asthma (roflumilast) and ulcerative colitis (tetomi-
last) (Lipworth, 2005; Fan Chung, 2006; Martina et al., 2006;
Schreiber et al., 2007; Giembycz, 2008).

Phosphodiesterase-4 inhibitors have also been studied as
topical agents for the treatment of psoriasis and atopic der-
matitis with positive results. Ro 20-1724 1% cream was effi-
cacious in psoriasis, although similar to occlusive treatment
with 0.025% triamcinolone acetonide cream (Stawiski et al.,
1979). Another PDE4 inhibitor, CP-80633 (0.5% ointment)
significantly improved clinical scores (erythema, induration
and excoriation) in atopic dermatitis (Hanifin et al., 1996).
However, the efficacy of PDE4 inhibitors may be greater as
systemic rather than topical agents (Teixeira et al., 1994).
When taken together, available data provide a strong ratio-
nale for further exploring the utility of systemic PDE4 inhibi-
tors in the clinical treatment of psoriasis and atopic
dermatitis.

Psoriasis is considered to be a Th1 autoimmune skin disease
because of the involvement of pro-inflammatory cytokines,
interferon (IFN)-g and tumour necrosis factor (TNF)-a. While
psoriasis can be either triggered or worsened by various envi-
ronmental factors, some of which are bacterial or viral, the
disease is also associated with specific genetic markers (Gott-
lieb, 2005). The psoriatic immune response involves mono-
cytes, dendritic cells, neutrophils and T cells, all of which
contribute to aberrant keratinocyte proliferation (Lowes et al.,
2007). PDE4 inhibitors have been shown to inhibit produc-
tion of pro-inflammatory cytokines, such as TNF-a, IFN-g and
interleukin (IL)-2 from peripheral blood monocytes and T
cells (Claveau et al., 2004). In neutrophils, PDE4 inhibitors are
known to inhibit production of leukotriene B4 (LTB4) and IL-8,
both autocrine chemotactic factors, which promote further
neutrophilia in inflamed tissues (Schudt et al., 1991).
However, little is known about the effect of PDE4 inhibition
in other cells involved in psoriasis, namely natural killer (NK)

cells and keratinocytes. The importance of cells bearing NK
markers in the pathophysiology of psoriasis has become
better understood in recent years (Bos et al., 2005). Gilhar
et al. demonstrated that injection of NK cells from psoriatic
donors into non-lesioned skin, engrafted onto beige-severe
combined immunodeficient (SCID) mice, could induce classic
psoriasis histology (Gilhar et al., 2002). Despite extensive
study of the role of PDE4 in T lymphocytes (Prehn et al., 2001;
Claveau et al., 2004), the function of PDE4 in the phenotypi-
cally related NK cells has not been previously examined. PDE4
function in keratinocyte biology has only been superficially
explored in keratinocyte cell lines (Tenor et al., 1995;
Mammone et al., 1998). Taken together, results from these
studies suggest that elevation of cAMP in human kerati-
nocytes, via PDE4 inhibition, might mitigate some of the
pathophysiological responses of keratinocytes in psoriasis.

Apremilast is a novel PDE4 inhibitor with TNF-a inhibitory
activity (Man et al., 2009), currently under clinical investiga-
tion for the treatment of psoriasis and other inflammatory
conditions (Khobzaoui et al., 2005; Gottlieb et al., 2008; Papp
et al., 2008). The current study demonstrates the broad anti-
inflammatory effects of apremilast in vitro, namely the inhi-
bition of production of multiple mediators including TNF-a,
IFN-g, CXCL9 (monokine induced by IFN-g, or MIG), CXCL10
(IFN-g-induced protein of 10 kDa, or IP-10), IL-2, IL-12, IL-23,
macrophage inflammatory protein (MIP)-1a, monocyte
chemoattractant protein (MCP)-1 and granulocyte
macrophage-colony stimulating factor (GM-CSF) from PBMC.
The responses of polymorphonuclear cells (PMN), including
IL-8 and LTB4 production, were also inhibited by apremilast.
TNF-a production by NK cells and keratinocytes was inhibited
by apremilast in vitro, demonstrating for the first time that
these two cell types, involved in psoriasis pathophysiology,
are directly affected by a PDE4 inhibitor. These in vitro anti-
inflammatory activities, in particular the inhibition of TNF-a,
IL-12 and IL-23 production, and the ability of apremilast to
suppress psoriasiform lesions in vivo suggests that this com-
pound may be a useful agent in the treatment of psoriasis via
a multifaceted mechanism.

Methods

PDE enzyme assays
Crude PDE4 enzyme was purified from U937 human mono-
cytic cells by gel filtration chromatography, and PDE reactions
were carried as previously described at 1 mM cAMP (Muller
et al., 1998). The binding constant, Ki, for apremilast was
calculated from a Lineweaver-Burke analysis, where the
y-intercept = 1/Vmax, and the control plot x-intercept = -1/KM.
These data yielded an average PDE4 Vmax of 1.16 �

0.15 pmol·min-1 mg-1 protein, and an average PDE4 KM of
2.82 � 0.25 mM (mean � SD from three experiments).
Because the mode of inhibition by apremilast was partially
competitive in this enzyme preparation, the affinity constant
Ki of the inhibitor for the free enzyme could not be obtained.
However, the Ki value, or the affinity constant of the inhibitor
for the enzyme-substrate complex, was calculated from a sec-
ondary replot of 1/delta slope versus 1/[Inhibitor]. From this
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secondary slope replot, the x-intercept = -1/Ki. The Ki value is
the mean from three experiments.

Plasmids encoding recombinant human PDE4A4, PDE4B2,
PDE4C2 and PDE4D3 have been described previously (Huston
et al., 1996; 1997; Bolger et al., 1997; Owens et al., 1997).
These were expressed in DEAE-Dextran transfected Cos-7 cells
with confirmation of expression performed, as previously
described, by immunoblotting using antisera specific for each
PDE4 subfamily (MacKenzie and Houslay, 2000; MacKenzie
et al., 2002; Lynch et al., 2005) and for cAMP PDE activity at
1 mM cAMP (Marchmont et al., 1981; Lobban et al., 1994). As
before (Bolger et al., 1996; MacKenzie et al., 2002), >98% of
the cAMP PDE activity in transfected cells was due to expres-
sion of the appropriate recombinant PDE4 enzyme. Cos-7
cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum, 10 000 U·mL-1

penicillin/streptomycin and 2 mM glutamine. Cell lines were
transfected using Lipofectamine™ 2000 reagent according to
recommended protocols.

The specificity of apremilast for PDE4 versus enzymes from
other PDE families was assessed at a single concentration of
10 mM against PDE1A, PDE1C, PDE2A, PDE3A, PDE3B,
PDE5A1, PDE7A, PDE7B, PDE8A1, PDE9A2, PDE10A1 and
PDE11A4 (BPS Bioscience, San Diego, CA, USA) using IMAP
TR-FRET Screening Express with Progressive Binding kit,
100 nM FAM-AMP or 100 nM FAM-cGMP (AXXORA, San
Diego, CA, USA).

PBMC purification and stimulation
Human leukocytes obtained from healthy blood donors
(Blood Center of New Jersey, East Orange, NJ, USA) were
diluted 1:1 with sterile Hank’s Balanced Salt Solution and
centrifuged over room temperature Ficoll-Paque Plus to yield
peripheral blood mononuclear cells (PBMC). PBMC were
washed in Hank’s Balanced Salt Solution and resuspended in
Roswell Park Memorial Institute (RPMI) complete medium
(RPMI 1640), 5% human serum, 100 U·mL-1 penicillin,
100 mg mL-1 streptomycin, 2 mM L-glutamine) and counted.
One hundred microlitres (2 ¥ 106 L-1) of PBMC were added
to each well of a 96-well flat-bottom plate (final cell
count = 2 ¥ 105 per well) and incubated at 37°C for 1 h. Fifty
microlitres of (4¥) compound was added to each test well, and
50 mL medium containing 1% dimethylsulphoxide (DMSO)
was added to each control well ([DMSO]final = 0.25%) and the
plate was incubated for 1 h at 37°C. Cells were then stimu-
lated with 50 mL, 4 ng·mL-1 lipopolysaccharide (LPS) from
Salmonella abortus equii ([LPS]final = 1 ng mL-1) and incubated
for 18 h at 37°C. For stimulation with superantigen, PBMC
were plated in 96-well tissue culture plates at 3 ¥ 105 cells per
well in complete medium, pretreated with compounds at
37°C for 1 h, then stimulated with 100 ng mL-1 Staphylococ-
cal enterotoxin B (SEB) for 18 h.

Quantitative reverse transcription-polymerase chain reaction
Cells were harvested and RNA isolation was performed using
RNeasy according to the manufacturer’s instructions. Reverse
transcription was performed, converting 1 mg RNA to cDNA
for each sample according to manufacturer’s protocol (RT

Kit). Quantitative real-time polymerase chain reaction (PCR)
was performed for gene expression analysis using 50 ng cDNA
per sample. Gene expression assays for target genes and
endogenous glyceraldehyde 3-phosphate dehydrogenase
control were from Applied Biosystems. Expression was mea-
sured on a real-time PCR System 7500 (Applied Biosystems).
Relative quantifications were calculated with SDS v.1.3.1
software.

Cytokine and chemokine protein analysis
A 50 mL sample of supernatant from each well was transferred
into new round-bottomed 96-well plates and stored at -20°C
for cytokine analysis by cytometric bead array using a
Luminex IS100 instrument (Luminex Corporation, Austin,
TX, USA). LincoPlex kits with antibody bound beads for
Luminex xMAP Technology (Millipore) were combined into
multiplex format prior to assay. Data analysis was performed
using Upstate Beadview software. IL-2 and IFN-g levels from
SEB-stimulated PBMC were measured by enzyme-linked
immunoabsorbant assay (ELISA) (R&D Systems).

PMN isolation and stimulation
Polymorphonuclear cells were isolated from human leuko-
cytes by separation from PBMC using Ficoll gradient centrifu-
gation to remove PBMC. Erythrocytes were removed by
sedimentation in 3% dextran followed by hypotonic lysis in
0.2% saline. Finally, any contaminating monocytes were
depleted using human leukocyte antigen (HLA) class II mag-
netic beads. The resulting PMN were determined to be
approximately 74% CD16+ and Mac-1+ by flow cytometry.
Eosinophil contamination was determined to be approxi-
mately 3% by CD9 staining. No CD14+ monocytes were
detected. PMN (3 ¥ 105 cells per well) were pretreated with
titrated apremilast for 1 h, and then stimulated with zymosan
A particles (heat-killed Saccharomyces cerevisiae) at various
doses. Polymyxin B sulphate (40 nM final) was added to all
samples to neutralize any contaminating LPS. After overnight
incubation, supernatants were harvested and assayed for IL-8
by ELISA.

For LTB4 production, PMN were resuspended in phosphate-
buffered saline without calcium or magnesium (Bio
Whittaker) containing 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulphonic acid (HEPES) (pH 7.2) and plated
in 96-well tissue culture plates at a concentration of 1.7 ¥ 106

cells per well. Cells were treated with 50 mM thimerosal/1 mM
CaCl2/1 mM MgCl2 for 15 min at 37°C 5% CO2, then treated
with apremilast in a final DMSO concentration of 0.01%
in duplicate for 10 min. PMN were stimulated with 1 mM
N-formyl-Met-Leu-Phe (fMLF) for 30 min, then lysed by the
addition of methanol (20% final concentration) and frozen in
a dry ice/isopropanol bath for 10 min. Lysates were stored at
-70°C until the LTB4 content was measured by competitive
LTB4 ELISA (R&D Systems).

For CD18/CD11b (Mac-1) expression, PMN were pretreated
with apremilast for 10 min and stimulated with fMLF for
30 min, then placed on ice, stained with anti-CD18-FITC and
anti-CD11b-PE and analysed by flow cytometry using a
fluorescence-activated cell sorter Calibur flow cytometer (BD
Biosciences, San Jose, CA, USA).
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To measure adhesion of neutrophils to endothelial cells,
human umbilical vein endothelial cells (HUVEC) were plated
out onto 96-well plates (5 ¥ 103 cells per well) in medium
containing 2% fetal bovine serum 4 days prior to the experi-
ment to ensure adhesion of HUVEC to the plate. On the day
of the experiment, neutrophils were isolated from human
leukocytes and labelled with the fluorescent dye Calcein-AM
for 1 h. Labelled neutrophils (2 ¥ 105 per well) were added to
the adhered HUVECs and pretreated with apremilast for
10 min at 37°C in a humidified incubator at 5% CO2. fMLF
was added to trigger neutrophil adhesion to HUVECs for
30 min. The cells were washed with phosphate-buffered saline
containing 2% glucose to remove non-adherent neutrophils,
and the number of adherent neutrophils was measured on a
fluorimeter.

For IL-8 production assays, PMN were plated in 96-well
tissue culture plates at 3 ¥ 105 cells per well in complete
medium, treated with apremilast in duplicate in a final DMSO
concentration of 0.1% for 1 h at 37°C 5% CO2. PMN were
then stimulated with unopsonized, boiled zymosan A at
2.5 ¥ 105 particles per well for 18 h. Supernatants were har-
vested and tested for IL-8 by ELISA (R&D Systems).

NK cell purification and stimulation
Natural killer cells were isolated from leukocyte units from
healthy blood donors by a 30 min incubation with RossetteSep
cocktail for NK cell enrichment by negative selection (StemCell
Technologies, Inc., Vancouver, BC, Canada) followed by Ficoll-
Hypaque density gradient centrifugation. CD56+ NK cells were
isolated to ~85% purity as determined by flow cytometry.
Flat-bottom plates were coated with 100 mg·mL-1 of human IgG
overnight at 4°C. The unbound IgG was washed away. NK cells
were plated at 2 ¥ 105 cells per well into the 96-well plates, and
10 ng·mL-1 of IL-2 was added. Apremilast was then added to
the plate wells. After a 48 h incubation, the supernatants were
harvested and analysed for levels of TNF-a, IFN-g, GM-CSF and
MIP-1a by ELISA (R&D Systems).

Keratinocyte proliferation, TNF-a production and viability
For proliferation studies, human neonatal foreskin epidermal
keratinocytes (HEKn cells) were plated at 3000 cells per well in
96-well flat bottom tissue culture plates for 2 days. Cell pro-
liferation was measured using the Cell Counting Kit. For
TNF-a production and viability studies, HEKn cells were
obtained from Cascade Biologics (Portland, OR, USA) and
were grown in serum-free medium supplemented with
growth factors. When cells reached 80% confluency, cells
were trypsinized and plated at 1 ¥ 105 cells per well in 6-well
dishes. Plates were incubated for 24 h to allow cell adhesion.
HEKn cells were treated with apremilast or 0.1% DMSO as the
vehicle control for 1 h before ultraviolet B (UVB) irradiation
with 50 mJ·cm-2 in a UV Stratalinker 2400 (Stratagene, La
Jolla, CA, USA) calibrated with 312 nm UVB bulbs. Media and
compounds were replaced, and cells were incubated for 18 h.
Supernatants were removed for testing in a TNF-a ELISA before
100 mL of ATP-lite reagent was added to each well to assay for
viability. Lysates were transferred to plates and shaken for

2 min before chemiluminescence was read on a TopCount
NXT Luminescence Counter (PerkinElmer Life and Analytical
Sciences).

Psoriasis mouse model
This study was conducted after receiving approval of the
institutional ethics committee of the Technion-Istael Institute
of Technology. Six psoriatic patients were included in this
study (mean age = 42 years, range = 29–58 years). All patients
had classical plaque psoriasis, and none were being treated.
Skin from seven normal volunteers was also obtained for
grafting. Healthy human skin pieces having a width of
0.4 mm and surface area of 3 ¥ 3 cm were provided from
residual skin of routine plastic surgery procedures from the
Plastic Surgery Department of the Rambam Medical Center,
Israel. In addition, blood samples from psoriatic patients were
taken at a volume of 25 mL.

Beige-SCID (weight ~20 g; each, 7 per group final) were
included in this study. Normal human skin was transplanted
onto the beige-SCID mice as previously described (Nickoloff
et al., 1995; Wrone-Smith and Nickoloff, 1996). A sample
from each donor was transplanted onto four mice so that each
treatment group was similar.

Peripheral blood mononuclear cells from the psoriatic
patient blood were isolated and cultured in the presence of
IL-2 (100 U·mL-1 of media) for 14 days to activate the NK cells,
as previously described (Gilhar et al., 2002). Four weeks fol-
lowing the engraftment, each mouse was injected with 1 ¥ 107

activated allogeneic NK cells from the psoriatic patients. Two
weeks following the injections, the mice were divided and
treated, twice a day for 14 days. Apremilast and cyclosporine
A were each dosed at (5 mg·kg-1·day-1, divided into b.i.d.
doses). A volume of 0.05 mL of a 1 mg·mL-1 aqueous solution
of the compounds was administered b.i.d. with a syringe
through a blunt-ended curved feeding tube. The vehicle
(negative) control groups received 0.05 mL (b.i.d.) of a 0.5%
carboxymethylcellulose and 0.25% Tween 80. Two weeks
after the start of the treatments (4 weeks following the injec-
tions), the skins were harvested. Grafts were analysed by
histology and immunohistochemistry.

Determination of epidermal thickness
Skin graft histological assessment was performed by light
microscopy both before and after transplantation, with two
blinded observers performing the evaluations. Epidermal
thickness was determined with an ocular micrometer, at a
minimum of 50 points along the epidermis selected to repre-
sent points of maximal and minimal thickness. Thickness of
the suprapapillary plate was similarly measured at 50 points
for each sample.

Immunohistochemical staining
For frozen sections, monoclonal antibodies to human anti-
gens used were as follows for immunohistochemistry on
frozen sections: anti-HLA-DR (Becton Dickenson, San Jose,
CA, USA) and anti-CD54 [intercellular adhesion molecule
(ICAM)-1] (Biodesign, Saco, Maine). Purified murine IgG was
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used as a control for the above antibodies. Immunohis-
tochemistry was performed on OCT-embedded specimens
with a biotin-avidin system (Vectostain, Vector Laboratories,
Burlingame, CA, USA). For paraffin sections, goat anti-human
TNF-a (R&D Systems, Minneapolis, MN, USA) was used on
deparaffinized and peroxidase blocked slides. Sections were
treated with citrate buffer (pH 6) in the microwave oven for
20 min. The sections were then cooled for 30 min at room
temperature and blocked for non-specific binding as well as
avidin-biotin. All washes were performed with phosphate-
buffered saline-saponin. Anti-TNF-a was applied overnight at
4°C. Slides were then incubated with biotinylated rabbit anti
goat-IgG (DAKO, Carpenteria, CA, USA), followed by strepta-
vidin horseradish peroxidase (Jackson Immunoresearch, West
Grove, PA, USA). The colour was developed with 3-amino-9-
ethylcarbazole. The epidermal proliferation index was deter-
mined as a percentage of keratinocytes expressing Ki-67 as
detected by the monoclonal anti-human Ki-67 antibody
(Zymed Laboratories, San Francisco, CA, USA) using the above
procedure, except that antigen retrieval was achieved with
EDTA buffer (pH 8).

Scoring of immunohistochemical staining
Diffuse staining was defined as positive and intense expres-
sion of more than 50% of the epidermis versus focal staining,
which was defined as <50% of the epidermis. Focal staining
may represent positive expression of very small areas.

IC50 calculation and statistics
IC50 (EC50) calculations were made using non-linear regres-
sion, sigmoidal dose–response, constraining the top to 100%
and bottom to 0%, allowing variable slope using GraphPad
Prism v4.00. Statistical analyses for multiple groups compari-
sons were by repeated measured analysis of variance (ANOVA)
followed by Bonferroni’s post-test, or by one-way ANOVA fol-
lowed by Dunnett’s post-test using GraphPad Prism v4.00.

Materials
Apremilast (CC-10004), or (S)-N-{2-[1-(3-ethoxy-4-
methoxyphenyl) -2-methanesulphonylethyl] -1,3-dioxo-2,3-
dihydro-1H-isoindol-4-yl}, was synthesized by Celgene
Corporation (Summit, NJ, USA) (Man et al., 2009). Lipo-
fectamine™ 2000 reagent was obtained from Invitrogen
(Paisley, UK); IMAP TR-FRET Screening Express with Progres-
sive Binding Kit from Molecular Devices (Sunnyvale, CA,
USA); RPMI 1640 from BioWhittaker (Walkersville, MD, USA).
LPS from Salmonella abortus equii was obtained from Sigma;
Ficoll-Paque Plus from GE Healthcare; SEB from Toxin Tech-
nology (Sarasota, FL, USA); RNeasy from Qiagen (Valencia,
CA, USA); the RT Kit from Applied Biosystems (Foster City,
CA, USA); thimerosal, unopsonized, boiled zymosan A,
human IgG and fMLP were all from Sigma.

Calcein-AM was obtained from Molecular Probes (Eugene,
OR, USA); the HUVEC from Anthrogenesis Corporation
(Cedar Knolls, NJ, USA); IL-2 from R&D Systems (Minneapo-
lis, MN, USA). HEKn cells for proliferation studies were
obtained from Cell Applications, Inc. (San Diego, CA, USA);

the Cell Counting Kit was from Dojindo Molecular Technolo-
gies, Inc. (Gaithersburg, MD, USA); ATP-lite reagent from
PerkinElmer Life and Analytical Sciences (Shelton, CT, USA).

Results

PDE4 inhibition
Apremilast, or (S)-N-{2-[1-(3-Ethoxy-4-methoxyphenyl)-2-
methanesulphonylethyl]-1,3-dioxo-2,3-dihydro-1H-isoindol-
4-yl}acetamide (Figure 1), was synthesized as previously
described (Man et al., 2009). Apremilast was initially screened
for PDE4 inhibition using a partially purified enzyme prepa-
ration from U937 human monocytic cells and which has been
shown previously to contain predominantly PDE4B and
PDE4D activities (Shepherd et al., 2004). Using this prepara-
tion, apremilast was found to exhibit an IC50 of around 74 nM
using 1 mM cAMP as substrate (Table 1). When PDE4 activity
in lysates from U937 human monocytic cells was evaluated at
various concentrations (0.03–5 mM) of apremilast using a
range of substrate concentrations (0.625–10 mM cAMP) then
Lineweaver-Burke analysis indicated a competitive binding
mode (data not shown) as has been noted before for active-
site directed inhibitors such as the archetypal PDE4 selective
inhibitor, rolipram (Huston et al., 1996; Wilkinson et al.,
1997). The affinity constant of the inhibitor for the enzyme-
substrate complex, Ki value, was determined as 68 nM
(Table 1). By comparison, the affinity constant for rolipram
was slightly higher (Ki = 159 nM). Again, as with rolipram
inhibition was fully reversible by dilution (>98%).

Figure 1 Chemical structure of apremilast, (S)-N-{2-[1-(3-ethoxy-4-
methoxyphenyl) -2 -methanesulphonylethyl]-1,3-dioxo-2,3-dihydro-
1H-isoindol-4-yl}acetamide.

Table 1 Selectivity of apremilast for phosphodiesterase-4 (PDE4)
inhibition

Apremilast (nM)

PDE4 (U937 cell) IC50 74 � 34
PDE4 (U937 cell) Ki 68 � 26
PDE4A4 (recombinant) IC50 20 � 3
PDE4B2 (recombinant) IC50 49 � 5
PDE4C2 (recombinant) IC50 50 � 3
PDE4D3 (recombinant) IC50 30 � 4

PDE4 isoforms were assayed in the presence of 1 mM cAMP as substrate. IC50

values are given as means � SD for three separate experiments.
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Apremilast was also tested for any PDE4 subfamily selectiv-
ity in cAMP PDE assays using recombinant human PDE4A4,
PDE4B2, PDE4C2 and PDE4D3 isoforms representative of key
species, including PDE4A4, a form that is up-regulated in
COPD (Barber et al., 2004). Apremilast showed no marked
selectivity among these individual PDE4 isozymes (Table 1).
However, apremilast, while not selective for PDE4 isotypes
A-D, was more potent for inhibition of PDE4 compared with
cAMP or cGMP hydrolysing enzymes from other PDE families,
all of which showed no significant inhibition at 10 mM
apremilast (data not shown).

Inhibition of pro-inflammatory gene expression
TNF-a, IFN-g, IL-12 and IL-23 are pro-inflammatory cytokines
produced by mononuclear cells and are thought to play a role
in inflammatory diseases such as psoriasis. Although PDE4
inhibitors are known to suppress the transcription of TNF-a
mRNA, and reductions in IFN-g and IL-12 production have
been reported (Claveau et al., 2004), the effects of a PDE4
inhibitor on IL-23 mRNA levels have not been studied. There-
fore the effect of apremilast on mRNA levels for these cytok-
ines was studied using PBMC stimulated with LPS, an
endotoxin produced by gram-negative bacteria such as
Escherichia coli. LPS induces the production of many pro-
inflammatory cytokines, including TNF-a, IFN-g, IL-12 and
IL-23. A time course was conducted to find the optimal stimu-
lation time of each cytokine mRNA. The results below show
that the maximum expression time varied from 2 h for TNF-a,
to 4 h for IFN-g, to 8 h for IL-12A and IL-23A (Figure 2A).
Apremilast significantly inhibited expression of all four of
these genes at their peak time points (Figure 2B)

Inhibition of cytokine and chemokine protein expression
Cytokine (Figure 3A) and chemokine (Figure 3B) profiling
using LPS-stimulated healthy human donor PBMC demon-
strated varied potencies for inhibition by apremilast, with the
rank order of inhibition being IP-10 > IFN-g, MIG > TNF-
a > IL-12p70, MIP-1a, MCP-1 and GM-CSF. IL-10 and IL-6
production were enhanced by apremilast at 1 mM and 10 mM,
respectively, while production of IL-1b, IL-8 and RANTES
(regulated upon activation, normal T cell expressed and
secreted) were unaffected (Figure 3C). No changes in PBMC
viability were observed upon apremilast treatment, as mea-
sured by MTT assay (data not shown).

Inhibition of neutrophil responses
A previous study has shown that cilomilast blocks zymosan
(yeast particle)-induced IL-8 production by human neutro-
phils with an IC50 of approximately 700 nM (Au et al., 1998).
Although many cell types produce IL-8, its activity is
restricted primarily to inducing neutrophil chemotaxis to
inflamed tissues. Apremilast was found here to inhibit the
zymosan-induced PMN production of IL-8 with an IC50 value
of 94 nM (Table 2).

During inflammatory responses, neutrophils infiltrate into
tissue by first adhering to the vascular wall endothelium. This
adhesion is mediated by induced neutrophil expression of the

b2-integrin Mac-1, which consists of a CD18/CD11b het-
erodimer, and lymphocyte function-associated antigen-1, a
response that can be inhibited by rolipram (Derian et al.,
1995). Certain chemotactic factors such as the bacterial
peptide fMLF induce increased expression of adhesion mol-
ecules. Apremilast inhibited fMLF-induced PMN CD18 and
CD11b expression with IC50 values of 390 nM and 74 nM,
respectively, and inhibited fMLF-induced adhesion of PMN to
HUVECs with an IC50 value of 150 nM (Table 2)

Leukotriene B4 is a product of arachidonic acid metabolism
of the 5-lipoxygenase pathway, released by neutrophils and
other myeloid cells. It is a pro-inflammatory neutrophil
chemoattractant and activator of lymphocytes. There are
reports in the literature stating that neutrophil LTB4 release

Figure 2 (A) Time course of pro-inflammatory cytokine mRNA
expression in LPS-stimulated PBMC. PBMC were either not stimulated
(time = 0) or stimulated with LPS for 2, 4, 8 and 16 h. Cytokine
mRNA levels were measured by RT-PCR and normalized to glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) mRNA levels. All
cytokine mRNAs at time zero were assigned a value of one. Data
represent the mean � SEM from two to three experiments. *P < 0.05,
**P < 0.01, ***P < 0.001, as determined by one-way ANOVA followed
by Dunnett’s multiple comparison test, comparing each mRNA level
with its level at time 0. (B) Reduction of pro-inflammatory cytokine
mRNA levels by apremilast. PBMC were treated with vehicle (open
columns) or 10 mM apremilast (coloured columns) for 1 h prior to
stimulation with LPS for the indicated duration to achieve the
maximum mRNA expression for each particular cytokine. mRNA
levels were measured by RT-PCR and normalized to GAPDH mRNA
levels. Data represent the mean � SEM from three experiments.
**P < 0.01, ***P < 0.001, as determined by a repeated measures
ANOVA followed by a Bonferroni’s post-test comparing each pair of
groups. IFN-g, interferon-g; IL, interleukin; LPS, lipopolysaccharide;
PBMC, peripheral blood mononuclear cells; TNF-a, tumour necrosis
factor-a.
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can be blocked by PDE4 inhibitors. Apremilast inhibited LTB4

production by PMN with an IC50 of 2.5 nM. This is a very
potent effect considering that the IC50 of apremilast for inhi-
bition of PDE4 is at least an order of magnitude higher.

Because neutrophils are known to produce adenosine,
which can inhibit LTB4 production via agonism of adenosine
receptors, an experiment was conducted to determine if the
adenosine receptor antagonist 8-(3-chlorostyryl) (CSC) caf-
feine or adenosine deaminase could raise the LTB4 IC50 of
apremilast. CSC and adenosine deaminase reversed the inhi-

bition of LTB4 by apremilast, indicating that endogenously
produced adenosine was having a synergistic effect with
apremilast to inhibit LTB4 production in this assay (data not
shown).

Inhibition of T cell responses to superantigen
One of the proposed pro-inflammatory triggers of psoriasis is
SEB (Bour et al., 1995). Apremilast inhibited SEB-induced
PBMC production of IL-2 and IFN-g production (Table 2). This
indicates that T cell responses to a known physiological
psoriasis trigger are inhibited by apremilast.

Inhibition of NK cell responses
A growing body of evidence also points to the involvement of
NK and NK T cells in the pathogenesis of psoriasis (Bos et al.,
2005). Psoriatic skin lesions contain an increased number of
NK and NKT cells compared with healthy control skin biop-
sies (Cameron et al., 2002). Although NK cells are derived
from lymphoid cells, they are considered part of the innate
immune system because their activation is not clonally
restricted by specific antigen receptors, but rather by pro-
inflammatory cytokines, immunoglobulin and lack of MHC
class I expression. In purified human NK cells stimulated with
IL-2 and IgG, apremilast was found to significantly inhibit
TNF-a and GM-CSF production, but not that of MIP-1a. A
trend for increased IFN-g production was observed but did not
reach statistical significance (Figure 4).

Keratinocyte TNF-a production
The effects of PDE4 inhibition on keratinocyte responses have
not been well described in the literature. We therefore exam-
ined the effect of apremilast on proliferation, TNF-a produc-
tion and viability of primary normal human epidermal
keratinocytes. Cyclosporin A, a psoriasis medication, was
included as a positive control. A series of three experiments

Figure 3 Effect of apremilast on cytokine and chemokine produc-
tion by LPS-stimulated PBMC. (A) Inhibition of cytokines by apremi-
last. (B) Inhibition of chemokines by apremilast. Results are means
from three experiments, except for IL-12p70 (n = 4). SEMs are not
shown to improve graph readability, but were similar to the SEMs
shown in (C). Inhibition of all cytokines and chemokines shown in (A)
and (B) was statistically significant by one-way ANOVA (P < 0.05). (C)
Apremilast elevated IL-10 and IL-6 production and had no effect on
IL-8, IL-1b and RANTES production. Data are mean � SEM from three
experiments, except for IL-10 and RANTES (n = 2). **P < 0.01, by
one-way ANOVA followed by Dunnett’s multiple comparisons post-
test, as compared with vehicle control cultures. GM-CSF, granulocyte
macrophage-colony stimulating factor; IFN-g, interferon-g; IL, inter-
leukin; LPS, lipopolysaccharide; MCP, monocyte chemoattractant
protein; MIG, monokine induced by IFN-g (CXCL9); MIP, macroph-
age inflammatory protein; PBMC, peripheral blood mononuclear
cells; RANTES, regulated on activation, normal T cell expressed and
secreted; TNF-a, tumour necrosis factor-a.

Table 2 Inhibition of neutrophil (PMN) and T cell (superantigen-
stimulated PBMC) responses by apremilast

Stimulus Response Apremilast IC50

(95% CI), nM

Polymorphonuclear cells
Zymosan A IL-8 production 94 (56–110)
fMLF CD18 expression 390 (270–550)
fMLF CD11b expression 74 (13–430)
fMLF Adhesion to HUVEC 150 (80–280)
fMLF LTB4 production 2.5 (1.9–3.2)

Peripheral blood mononuclear cells
SEB IL-2 production 290 (170–500)
SEB IFN-g production 46 (31–67)

IC50 values were calculated using pooled data from three separate experiments.
The 95% confidence interval (95% CI) for the IC50 is shown in parentheses. IC50

values for fMLP-induced CD18 and CD11b expression were calculated from a
single representative experiment from three similar experiments.
fMLF, N-formyl-Met-Leu-Phe; HUVEC, human umbilical vein endothelial cells;
IFN-g, interferon-g; IL, interleukin; LTB4, leukotriene B4; PBMC, peripheral blood
mononuclear cells; PMN, polymorphonuclear cells; SEB, Staphylococcal entero-
toxin B.
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indicated that apremilast alone has no significant effect on
normal keratinocyte proliferation. Cyclosporin A inhibited
proliferation, as expected (Figure 5A). To verify that apremi-
last actually activates the cAMP/protein kinase A (PKA)/cyclic
AMP-responsive element binding protein (CREB) signalling
pathway in keratinocytes, cell cultures were first treated with
10 mM apremilast plus 10 mM isoprenaline for 30 min. They
were then lysed to examine the phosphorylation status of the
transcriptional regulator, CREB, which is activated upon
phosphorylation by cAMP-activated PKA (Tasken and
Aandahl, 2004) and can become phosphorylated by PKA sub-
sequent to PDE4 inhibition by rolipram (MacKenzie and
Houslay, 2000). Our results indicate that CREB becomes PKA
phosphorylated by the combination of these agents (data not
shown). Therefore, we conclude that activation of the cAMP
pathway in normal primary human epidermal keratinocytes
with apremilast does not inhibit proliferation.

To stimulate TNF-a production and apoptosis of kerati-
nocytes, cells were irradiated with 50 mJ·cm-2 of UVB light.
Apremilast inhibited keratinocyte TNF-a production at both
0.1 and 1 mM (P < 0.01) (Figure 5B), but did not affect kerati-
nocyte cell viability as measured by intracellular ATP levels
(0% inhibition at 0.1 mM, and 25% inhibition at 1 mM, which
was not statistically significant, n = 4).

Treatment of psoriasiform features in beige-SCID mouse human
skin/psoriatic NK cell xenograft model
The pharmacological activity of apremilast (5 mg·kg-1·day-1

total divided into 2 daily doses) was tested in comparison
with cyclosporine (5 mg·kg-1·day-1 total divided into 2 daily
doses) and vehicle control (0.1 mL·day-1 divided into twice
daily doses) in a mouse xenograft model of psoriasis. This
human skin transplantation model was originally developed
using human psoriatic skin engrafted onto SCID mice, result-
ing in psoriasiform lesions involving T lymhocytes, mono-
cytes, macrophages and dendritic cells (Nickoloff et al., 1995).
It was later adapted to use skin grafts from symptomless/
uninvolved skin from psoriasis patients and immunocytes
stimulated with IL-2 and Staphylococcal enterotoxins SEB and
SEC2, to activate T cell populations (Wrone-Smith and

Figure 4 Inhibition of cytokine production by NK cells. Human NK cells from peripheral blood were stimulated with IL-2 only or with IL-2 plus
IgG. Data shown are mean � SEM from two experiments. *P < 0.05, **P < 0.01, ***P < 0.001 by one-way ANOVA followed by Dunnett’s
multiple comparisons post-test, as compared with the IL-2 + IgG stimulated control samples. GM-CSF, granulocyte macrophage-colony
stimulating factor; IFN-g, interferon-g; IL, interleukin; MIP, macrophage inflammatory protein; NK, natural killer; TNF-a, tumour necrosis
factor-a.

Figure 5 Apremilast inhibited keratinocyte tumour necrosis factor
(TNF)-a production but not proliferation or cell viability. (A) Normal
human epidermal keratinocytes were treated with apremilast or
cyclosporine A for 2 days and assayed for cell proliferation. Data are
mean � SEM from three experiments. **P < 0.01, ns, not significant,
by one-way ANOVA followed by Dunnett’s multiple comparison test
versus vehicle control. (B) Normal human epidermal keratinocytes
were treated with apremilast or 0.1% dimethylsulphoxide as a
control, prior to ultraviolet B irradiation to induce TNF-a production.
Supernatants were analysed for TNF-a protein production by ELISA.
TNF data are mean � SEM from three experiments. **P < 0.01 by
one-way ANOVA followed by Dunnett’s multiple comparisons post-
test, as compared with vehicle control group.
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Nickoloff, 1996). This model produced plaques that were
characterized by visible presence of flaking and thickened
skin, loss of the granular cell layer, prominent elongation of
rete ridges with a dermal angiogenic tissue reaction involving
murine neutrophils, infiltration within the epidermis by
human T cells, and displayed twenty different antigenic deter-
minants of the psoriatic phenotype. Later, the model was
further refined to use normal human skin engrafted onto
Beige-SCID mice (which lack murine NK cells) and injection
of allogeneic psoriatic NK cells that had been stimulated in
culture with IL-2 but in the absence of superantigens, to avoid
T cell activation via T cell receptor signalling (Gilhar et al.,
2002). In the current version of this model, therefore, psori-
asiform lesions are triggered by psoriatic NK cells and thus
provide an ideal model for testing whether suppression of NK
cells can affect skin lesion morphology. Furthermore, the
interaction of NK cells and the surrounding myeloid cell
populations (e.g. monocytes and neutrophils) with human
keratinocytes allows the assessment of TNF-a production, as
well as keratinocyte expression of activation markers ICAM-1
and MHC class II (HLA-DR).

The normal donor skin sections xenografted onto beige-
SCID mice and treated with psoriatic patient NK cells and
vehicle developed psoriasiform features. These features
included significant epidermal thickening (acanthosis),
hyperkeratosis and parakeratosis, along with a dermal lym-
phocytic infiltrate, some areas with retention, and others
areas with lack of the granular layer (Figure 6A and B). These
skin grafts exhibited significant increases in epidermal thick-
ness and the keratinocyte proliferative index. Additionally,
elongation of rete ridges was observed in most grafts. Vascular
dilatation associated with a perivascular lymphocytic infil-
trate was noted in the papillary dermis. Overall, these grafts
showed histological features similar to psoriasis but combined
with some signs of dermatitis.

Cyclosporine treatment resulted in the complete/partial
recovery of psoriasis features in three of seven mice. Similarly,
apremilast treatment resulted in the complete/partial recov-
ery of psoriasis features in four of seven mice (Table 3). The
recovery included a morphological normalization of the epi-
dermis and the absence of the lymphocyte infiltration
(Figure 6C).

Epidermal thickness and proliferation index correlated with
histological findings and demonstrated significant differences
between treatment groups. Notably, apremilast caused statis-
tically significant reductions in epidermal thickness
(P < 0.001) (Figure 7A) and proliferation index (P < 0.001)
(Figure 7B), compared with the vehicle-treated groups.
Apremilast was as effective as cyclosporine for reducing epi-
dermal thickness and reducing the proliferation index.

Qualitative reductions in the expression of TNF-a, ICAM-1
and HLA-DR on the skin grafts were also observed in both the
apremilast- and cyclosporine-treated groups (Table 4). Specifi-
cally, the immunohistochemical TNF-a expression was also
100% in the vehicle-treated mice grafts and showed multiple
TNF-a-positive cells. HLA-DR and ICAM-1 markers were dif-
fusely expressed in 6/7 (86%) grafts from the vehicle-treated
mice. These vehicle treatment findings demonstrated the
presence of active psoriasis symptoms in control mice, vali-
dating the effectiveness of the human skin xenotransplant/

Figure 6 (A) Histological section of human skin graft on severe
combined immunodeficient (SCID) mouse, injected with natural killer
(NK)-like cells of psoriatic patient, exhibits histological parameters of
psoriasis, as follows: parakeratosis, hyperkeratosis, collection of neu-
trophils (Munro micro-abscess formation), absence of the granular
layer and a focal area of spongiosis with a lymphocytic infiltrate.
Additionally, epidermal thickening (acanthosis) and elongation of the
rete ridges are detected. Vascular dilatation associated with a perivas-
cular inflammatory cell infiltrates is observed in the dermis. (B) His-
tological section of another human skin graft on SCID mouse,
injected with NK-like cells of psoriatic patient, demonstrates parak-
eratosis, hyperkeratosis, absence of granular layer, hyperplasia and
suprapapillary epidermal thinning. Oedema of the dermal papilla is
seen combined with dilated, tortuous dermal blood vessel, sur-
rounded by several lymphocytes and neutrophils. (C) Histological
section of human skin graft on SCID mouse, injected with NK-like
cells of psoriatic patient, shows a complete recovery of the psoriatic
phenotype, following treatment with apremilast (5 mg·kg-1·day-1

divided into two daily oral doses). Bar length = 50 mm.
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psoriatic patient NK cell-injected SCID mouse model of
psoriasis. Moreover, psoriasiform histology was reduced in
four of seven (57%) apremilast-treated mice and three of
seven (42.9%) in the cyclosporine group. Comparatively,
TNF-a expression was down-regulated in 57% (4/7) of the
grafts treated with apremilast and 86% (6/7) of those in the
cyclosporine treatment group. HLA-DR expression was
decreased in 42.9% (3/7) of graphs treated with either apremi-
last or cyclosporine. However, the distinguishing feature of
the HLA-DR data was that apremilast decreased HLA-DR

expression to undetectable levels in the three of seven
(42.9%) responding graphs. Moreover, apremilast treatment
reduced ICAM-1 expression in 5/7 (71%) grafts, while
cyclosporine treatment was effective in four of seven (57%)
grafts. This study, therefore, demonstrated some similarities
between apremilast and cyclosporine with regards to their
therapeutic effects.

Discussion and conclusions

Apremilast is a novel inhibitor of the important PDE4 family
of enzymes responsible for hydrolysing the key second mes-
senger cAMP; and these enzymes are a recognized therapeutic
target for treating inflammatory diseases (Houslay et al.,
2005). Results from this study show that in human PBMCs
stimulated with LPS, apremilast potently inhibited the pro-
duction of multiple cytokines and chemokines, with selectiv-
ity for IP-10, IFN-g, MIG, TNF-a, IL-12p70, MIP-1a, MCP-1
and GM-CSF, but not IL-8, IL-1b, RANTES, IL-10 and IL-6
production. The greatest potency was observed against the
interferon-dependent chemokines IP-10 and MIG, and IFN-g
itself, suggesting a general selectivity for the interferon
responsive genes. The mechanisms by which PDE4 inhibitors
and cAMP-elevating agents block transcription of genes such
as TNF-a and IL-12, but elevate other genes such as IL-10 and
IL-6, have been described previously (Seldon et al., 1998; Liu
et al., 2000; Persson et al., 2005). The cAMP elevation caused
by PDE4 inhibition triggers activation of PKA, which phos-
phorylates the transcription factor CREB, thereby inducing
transcription of genes such as IL-10 and IL-6 that bear CRE
sites within their promoters. However, the expression of genes
such as TNF-a, which are driven primarily by the transcrip-
tion factor nuclear factor k B (NF-kB), tends to be inhibited by
cAMP elevation because of competition between CREB and
the NF-kB p65 subunit for binding the co-activator CREB
binding protein, which binds directly to the TATA box and
initiates transcription (Parry and Mackman, 1997). The rela-
tive roles for NF-kB, CREB and other transcription factors in
the regulation of pro-inflammatory mediator expression have

Table 3 Histological evaluation of human skin grafts in beige-severe
combined immunodeficient mice following treatment

Histological features Vehicle Apremilast Cyclosporine

Psoriasiform 7/7 3/7 4/7
Complete recovery 0/7 3/7 2/7
Partial recovery 0/7 1/7 1/7

Figure 7 Apremilast reduced epidermal thickness and proliferation
index in the psoriasiform xenograft model. (A) Epidermal thickness
and (B) proliferation index in normal human skin xenotransplanted
along with psoriatic patient NK cells into beige-severe combined
immunodeficient (SCID) mice. Columns represent the mean � SEM
of seven beige-SCID mice. **P < 0.01, ***P < 0.001, one-way ANOVA
followed by Dunnett’s multiple comparison test versus vehicle
control.

Table 4 Summary of immunohistochemical staining of inflamma-
tion markers in human skin grafts in beige-SCID mice

Inflammation marker Vehicle Apremilast Cyclosporine

TNF-a 7 Multiple 3 Multiple 1 Multiple
0 Few 1 Few 4 Few
0 Negative 3 Negative 2 Negative

HLA-DR 6 Diffuse 4 Diffuse 4 Diffuse
0 Focal 0 Focal 1 Focal
1 Negative 3 Negative 2 Negative

ICAM-1 6 Diffuse 2 Diffuse 3 Diffuse
1 Focal 4 Focal 2 Focal
0 Negative 1 Negative 2 Negative

Numbers shown are the total number of grafts expressing each marker (n = 7
per group).
Diffuse, diffuse pattern throughout the epidermis; Few, few TNF-a-positive
cells; Focal, focal pattern of expression; HLA-DR, human leukocyte antigen-DR;
ICAM-1, intercellular adhesion molecule-1; Multiple, multiple TNF-a-positive
cells; Negative, negative expression (0%); SCID, severe combined immunode-
ficient; TNF-a, tumour necrosis factor-a.
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been reviewed in detail (Barnes and Adcock, 1998). Thus, in
general, NF-kB-dependent gene transcription tends to be
inhibited by cAMP-elevating agents, while CREB-dependent
gene expression tends to be augmented. The interplay
between CREB-dependent and non-CREB-dependent gene
transcription thus defines the relative sensitivity of individual
promoters to the effects of PDE4 inhibition.

Inhibition of TNF-a, IFN-g, IL-12A and IL-23A by apremilast
was found to occur through suppression of mRNA expression
(Figure 2B), consistent with the evidence in the literature
described above that cAMP-elevating agents regulate expres-
sion of genes at the transcriptional level. Expression of the
common IL-12 and IL-23 p40 subunit, encoded by the IL-12B
gene, is known to be NF-kB-dependent (Ma et al., 2004) and
inhibited by the cAMP analogue 8-Br-cAMP (Feng et al.,
2002). However, suppression of the IL-12A (p35) and IL-23A
(p19) subunits by a PDE4 inhibitor has not been reported
previously. The inhibition of IL-12 gene expression is reflected
in the decreased IL-12 p70 protein levels (Figure 3A). Inhibi-
tion of IL-12 and IL-23 may be an important aspect of pso-
riasis therapy, as supported by the significant efficacy of
ustekinumab, an anti-IL-12/IL-23 p40 monoclonal antibody
in development for the treatment of patients with chronic
moderate to severe plaque psoriasis (Chien et al., 2009).

In contrast to inhibition of IP-10, IFN-g, MIG, TNF-a,
IL-12p70, MIP-1a, MCP-1 and GM-CSF, apremilast enhanced
LPS-stimulated IL-10 production (with significant elevation at
1 mM), and to a lesser extent, IL-6 production (with significant
elevation only at 10 mM) (Figure 3C). The pharmacokinetics
of apremilast in psoriasis patients have been described previ-
ously, with a mean steady-state apremilast Cmax of 207 ng·mL-1

(450 nM) (Gottlieb et al., 2008). At concentrations in vitro of
up to 1 mM, IL-6 elevation by apremilast was not significant
(Figure 3C).

Unlike the biological TNF inhibitors, which bind directly to
soluble TNF-a, apremilast inhibits TNF production at the level
of gene expression. The potency of apremilast against TNF-a
production in PBMC (IC50 = 110 nM) was similar to its
potency for PDE4 enzymatic inhibition (IC50 = 74 nM) and its
affinity constant (Ki = 68 nM), illustrating that regulation of
TNF-a expression closely parallels both PDE4 enzymatic activ-
ity and inhibitor binding. The affinity of apremilast for PDE4
is at least 7900-fold lower than the binding avidities of the
biological TNF-a inhibitors for soluble TNF, (etanercept
KD = 0.4 pM; adalimumab KD = 8.6 pM; infliximab KD =
4.2 pM) (Kaymakcalan et al., 2009), all of which are approved
for use against moderate to severe plaque psoriasis. In the first
phase 2 clinical study of apremilast in patients with severe
plaque-type psoriasis, the day 29 mean steady-state apremilast
Cmax was 207 ng·mL-1 (450 nM) (Gottlieb et al., 2008). At this
concentration, for example, apremilast inhibits approxi-
mately 70% of the TNF-a produced by LPS-stimulated
PBMC (Figure 3A). Therefore, unlike the biological TNF neu-
tralizing agents, apremilast is not expected to completely sup-
press TNF-a production in the clinical setting. Rather, its
mode of action causes broad, but not complete, inhibition of
multiple pro-inflammatory mediators. By comparison, etan-
ercept was also reported to inhibit expression of IP-10, MIG
and IFN-g, as well as other pro-inflammatory mediators, in
skin biopsies of psoriasis patients (Gottlieb et al., 2005). Thus,

compared with etanercept, apremilast may show an
overlapping but non-identical pattern of gene expression
changes.

Psoriasis is characterized by distinct histological features of
the skin including hyperproliferation of kertinocytes, and
thickened epidermis with infiltration of mononuclear cells
including monocytes, neutrophils, T cells and dendritic cells
(Lowes et al., 2007). In addition to suppression of LPS-
stimulated monocyte responses (Figures 2 and 3), apremilast
also inhibited the response of T cells to the known psoriasis
superantigen SEB, as shown by reduction in IL-2 and IFN-g
production (Table 2). The majority of CD8 and CD4 T cells
from the epidermis or peripheral blood of psoriasis patients
display a bias towards producing the Th1 cytokines IFN-g and
IL-2, illustrating the importance of these T cell-derived cytok-
ines in psoriasis (Austin et al., 1999).

Several responses of PMN, mainly attributable to neutro-
phils, were blocked in vitro by apremilast, including the pro-
duction of IL-8 and LTB4 (Table 2), as previously reported for
other PDE4 inhibitors (Schudt et al., 1991). IL-8 is an auto-
crine chemotactic factor, which attracts additional neutro-
phils to sites of inflammation. Neutrophil infiltration is
apparent in acute psoriatic lesions, which are characterized by
epidermal hyperplasia and concomitant infiltration of
CD11c+ dendritic cells and T cells (Bowcock and Krueger,
2005). In the mouse experiments described in this current
study, apremilast inhibited the infiltration of neutrophils and
lymphocytes into the dermis (Figure 6C), thereby confirming
the relevance of the in vitro findings. Both neutrophils and
dendritic cells are dependent upon the growth and differen-
tiation factor GM-CSF, production of which was modestly
inhibited by apremilast in both PBMC (Figure 3A) and NK
cells (Figure 4). This degree of inhibition is consistent with
the known regulation of GM-CSF expression by the transcrip-
tion factors CREB, AP-1 and NFAT (Cockerill et al., 1993). In
dendritic cells cultured from the dermis of psoriatic lesions,
anti-GM-CSF antibody reduces both CD86 expression and
antigen presenting cell function as measured by T cell stimu-
lating capacity (Mitra et al., 1995). Similarly, exogenous IL-10
inhibited CD86 expression and antigen presenting cell func-
tion in these studies. This is intriguing in light of the fact that
apremilast both inhibits GM-CSF production and enhances
IL-10 elevation (Figure 3). This combination of effects would
therefore be expected to act in concert to inhibit psoriatic
dermal dendritic cell costimulatory marker expression and T
cell stimulation.

In purified human NK cells, apremilast inhibited produc-
tion of TNF-a and GM-CSF, and to a lesser extent, IFN-g,
induced by IL-2 and Fc receptor (FcRg) cross-linking. This in
vitro inhibition of NK-derived TNF-a is consistent with the
reduced TNF-a expression observed in vivo in the psoriatic
mice treated with apremilast (Table 4). Prior to this study, the
effect of PDE4 inhibitors on NK cell responses had not been
reported. In contrast to inhibition of NK cell production
TNF-a, IFN-g and GM-CSF, apremilast did not inhibit NK cell
MIP-1a expression (Figure 4). This selectivity is dependent
upon the context of the various signalling pathways that
control transcription factor activity and cytokine gene expres-
sion. MIP-1a was the only cytokine or chemokine that was
not induced by FcRg receptor cross-linking via IgG, as the
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production of MIP-1a was the same in the presence of IL-2
and IL-2+IgG (Figure 4), suggesting that signalling through
the Fc receptor is sensitive to PDE4 inhibition. The MIP-1a
promoter also contains a CRE (Matsumoto et al., 2008), which
would tend to enhance transcription in response to cAMP
elevation, and thus make inhibition of this chemokine by a
PDE4 inhibitor more difficult. Supernatants from psoriatic NK
cells have been shown to produce large amounts of IFN-g, and
to induce expression of ICAM-1 and MHC class II in psoriatic
keratinocytes (Ottaviani et al., 2006). Therefore, inhibition of
NK cell inflammatory cytokine production by apremilast
in vitro is consistent with the observed decrease in ICAM-1
and HLA-DR expression in vivo in the psoriatic mice treated
with apremilast (Table 4).

Although PDE4 activity had been identified in the human
keratinocyte cell line HaCaT, and its activity increased in
response to the b2 adrenoceptor agonist salbutamol (Tenor
et al., 1995), prior to this report, the role of selective PDE4
inhibitors in keratinocyte biology has not been explored.
Elevation of cAMP in HaCaT cells by treatment with the b2

adrenoceptor agonist, isoprenaline, and the non-specific PDE
inhibitor, IBMX, suppressed cell growth and induced expres-
sion of terminal differentiation markers K1, K10, involucrin
and transglutaminase (Mammone et al., 1998). The new data
presented in this study, namely that the PDE4 inhibitor
apremilast blocks UVB-induced production of TNF-a by
primary human keratinocytes without affecting proliferation
or viability, are a significant finding that increases our under-
standing of how therapeutic PDE4 inhibitors might con-
tribute to the treatment of inflammatory dermatological
conditions.

In a model of psoriasis utilizing normal human skin
xenotransplanted onto beige-SCID mice and triggered with
human psoriatic NK cells, orally administered apremilast
(5 mg·kg-1·day-1) significantly reduced epidermal thickness
and proliferation, and decreased the general histopathologi-
cal appearance of psoriasiform features in a manner similar to
cyclosporine A. Notably, four of seven (57%) grafts from the
apremilast-treated mice underwent a partial or complete
recovery of histological features; whereas, three of seven grafts
from cyclosporine-treated group displayed a histological
recovery. The recovery included a morphological normaliza-
tion of the epidermis and the absence of the lymphocytic
infiltrations. Staining for TNF-a, HLA-DR and ICAM-1 in the
lesioned skin was also qualitatively reduced by apremilast
treatment. All of these results are consistent with the potent
in vitro anti-inflammatory activities of apremilast. The present
results also provide the first demonstration that a PDE4
inhibitor can directly suppress NK cell and keratinocyte pro-
inflammatory cytokine production in vitro, and reduce the
severity of a psoriasiform response in vivo.

Collectively, these data suggest a correlation between the
histological evaluations (Table 3) and the inflammatory
markers expression (TNF-a, HLA-DR and ICAM-1; Table 4).

Recently, the first open-label phase 2 pilot study to evalu-
ate the effects of apremilast in patients with severe plaque-
type psoriasis, over half (53.3%) demonstrated a �20%
reduction from baseline in epidermal thickness at day 29. In
addition, the majority (73.7%) of patients demonstrated
improvement in their psoriasis symptoms, with 15.8% of

these patients showing a >50% reduction from baseline in
their total PASI score at day 29. Over half (52.6%) of all
patients had a reduction from baseline in their psoriasis
body surface area. Based on the sPGA, 52.9% of patients
demonstrated improvement in plaque elevation, erythema
and scaling. Reductions from baseline in epidermal and
dermal T cells, CD83+ and CD11c cells as well as key inflam-
matory markers were observed at day 29, suggesting an
improvement in the underlying inflammatory condition of
the skin with apremilast treatment (Gottlieb et al., 2008). In
a subsequent double-blinded placebo-controlled phase 2
study, a significantly higher proportion of subjects treated
with apremilast (20 mg, b.i.d.) achieved a 75% reduction in
the psoriasis area and severity index (PASI-75) compared
with the placebo group after 12 weeks of treatment (24% vs.
10%) (P = 0.023). At week 12/last treatment, subjects
achieved a mean decrease of 52% versus 17% in PASI from
baseline in the apremilast (20 mg, b.i.d.) versus placebo
groups respectively (Papp et al., 2008).

In summary, the epidermal thickness and proliferation
index data in the mouse model yielded statistically significant
results for apremilast suggesting favourable outcomes as a
psoriasis treatment. The immunohistochemical staining data
partially illustrated the positive mechanistic effects of the
PDE4 inhibitors in psoriasis. Together, these data suggest that
the human skin xenotransplant SCID mouse model may serve
as a tool for investigating potential agents directed against
the pathophysiological mechanisms of psoriasis. The anti-
inflammatory activity of apremilast, as demonstrated in vitro
and in a preclinical psoriasis model, has translated into clini-
cal efficacy in this disease.
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